Adenomyosis is a nonneoplastic condition characterized by the benign invasion of ectopic endometrium into the myometrium. Macrophages play significant roles in epithelial-mesenchymal transition (EMT) and adenomyosis. An EMT associated with adenomyosis has been extensively studied. This study investigated the process by which the interaction of macrophages with endometrial cells induces EMT in Ishikawa cells and epithelial cells of adenomyosis. Specimens were collected after hysterectomy or resection of adenomyosis lesions from women with adenomyosis and curettage from women without adenomyosis or endometriosis. Immunohistochemistry and immunofluorescent staining demonstrated that CD68-positive macrophages aggregated in adenomyosis lesions, along with the increased protein expressions of n-cadherin, vimentin, and S100A4. By contrast, the protein expressions of e-cadherin and CK7 were decreased. After the primary endometrium cells were cocultured with THP-1-derived macrophages, the protein expression levels of n-cadherin, vimentin, and S100A4 of endometrium cells were increased, whereas the protein expression levels of e-cadherin and CK7 were decreased. The proportion of alternatively activated (M2) macrophages derived from THP-1 macrophages was also increased. The M2 macrophages elicited a bidirectional effect on Ishikawa cells by inducing EMT-like or mesenchymal-epithelial transition-like processes. The apoptotic rate of the Ishikawa cells cocultured with macrophages was increased, whereas their cell proliferation rate was decreased. Transmission electron microscopy indicated that the number of intercellular junctions of the cocultured Ishikawa cells was reduced. Microarray-based gene expression analysis revealed that transforming growth factor-β1/Smad3 and interleukin-6/JAK2/STAT3 signaling pathways were upregulated. Therefore, macrophages can induce EMT-like processes in adenomyosis and undergo polarization to M2.
Introduction
Adenomyosis occurs in endometrial glands and stroma located deep within the myometrium; this condition occurs in two distinct forms, namely, diffuse and focal adenomyosis [1] . The histological frequency of adenomyosis ranges from 5% to 70% [2] . It frequently involves gravid and nongravid uteri and remains asymptomatic in about half of all cases. Adenomyosis manifests symptoms, including EMT process induced by macrophages in adenomyosis, 2017, Vol. 96, No. 1 menorrhagia and dysmenorrhea. This condition is also characterized by various etiology and pathogenic mechanisms. For instance, the type of cellular lesion, hereditary and immunological environments, and local hormone concentrations in the myometrium may indicate adenomyosis lesion [3] . However, regurgitation of simple eutopic endometrial stem-like cells may not induce adenomyosis in vitro [4] . Thus, endometrium mesenchymal cells are unlikely the main cause, although these cells may participate in adenomyosis or endometriosis. As such, the mechanisms by which ectopic endometrium with stromal and epithelial cells cause adenomyosis in the myometrium should be determined.
Chen et al. reported that the epithelial-mesenchymal transition (EMT) of endometrial epithelial cells contributes to adenomyosis development [5] . In EMT, which was probably first reported more than 100 years ago, epithelial cells lose their epithelial markers, including e-cadherin and cytoskeletal proteins, and acquire migratory properties [6, 7] . S100A4 is a reliable marker to characterize the mesenchymal products generated through EMT during the development of fibrosis in various organs [8] . Different physiological and pathological environments, including normal embryonic growth, tissue morphogenesis, tissue repair, remodeling, fibrosis, and tumor progression, may favor EMT. Thus, EMT was divided into three subtypes. Type 1 EMT occurs during embryonic development and tissue morphogenesis. Type 2 EMT is present in tissue regeneration and repair processes; abnormal inflammatory disorders can also activate type 2 EMT and lead to fibrosis. Type 3 EMT is common in tumor cells that acquire invasive and metastatic phenotypes; as a consequence, tumors can undergo metastasis [9] . Although similar molecular mechanisms and some duplicated functions of EMT exist, outcomes completely differ. Adenomyosis is a benign disease, but it exhibits properties similar to those of tumor metastasis [10, 11] . EMT may play an important role in tumor development; as such, EMT associated with adenomyosis formation and progression has been extensively investigated [12] . Ding et al. demonstrated that macrophage depletion significantly reduces the expression levels of EMT-related markers, including CD41, VEGF, CD31, transforming growth factor (TGF)-β1, α-smooth muscle actin, and collagen I in ectopic endometrium [13] .
Macrophages are important immune cells that engulf and digest cellular debris, foreign substances, microbes, cancer cells, and foreign cells through phagocytosis [14] . Macrophages play a critical role in anti-inflammation; they promote inflammation and stimulate the immune system but reduce immune reactions by releasing cytokines [15] . Macrophages are classified into classically activated macrophages (M1) that induce inflammation and M2 macrophages that decrease inflammation and promote tissue repair. These cells are also involved in adenomyosis lesions [16] [17] [18] . Endometrial biopsies have revealed that adenomyosis is associated with a prominent aggregation of macrophages within superficial endometrial glands [19] . Interestingly, researchers demonstrated monocyte chemotactic protein-1 (MCP-1), which is a β-chemokine that specifically induces chemotaxis and activation of mononuclear phagocytes, expressed highly in adenomyosis endometrium epithelial cells compared to controls [20] . A previous study also proved that tissue levels of MCP-1 in the endometria derived from women with ovarian endometrioma, adenomyosis, and uterine myoma after Gonadotropin-releasing hormone agonist (GnRHa) treatment were significantly lower than those of endometrial samples derived from GnRHa-nontreated women [21] . Thus, macrophages likely contribute to adenomyosis. However, the effects of macrophages on the development of adenomyosis remain unknown. Macrophageinduced EMT is implicated in tumor progression [22] . M2 macrophages are the major types associated with tumor. They induce the EMT progression in tumor cells; as a consequence, tumor cell invasion and proliferation are promoted and tumor cell apoptosis is inhibited. Similar to tumor progression, adenomyosis exhibits invasive growth. Nevertheless, whether EMT induced by macrophages participates in the formation and development of adenomyosis has yet to be reported. In our study, the underlying mechanisms of EMT-like processes in adenomyosis were determined through a series of in vitro experiments.
Materials and methods

Ethical approval
The study protocol was approved by the Institutional Review Board of the Qilu Hospital Authority (3701027061515).
Patients and tissue samples
This study recruited 37 women with adenomyosis (focal n = 15 and diffused n = 22) who were diagnosed by clinical pathologists at the Qilu Hospital of Shandong University from December 2014 to December 2015. After the patients' written informed consents were obtained, adenomyosis lesions and eutopic endometrium tissues were collected during operation and immediately sent to a laboratory. All of the tissues were separated into two parts. One part was cultured in vitro. The remaining part was stored with 10% buffered formalin and processed for paraffin embedding. For the controls, endometrial tissue samples were collected through curettage from 10 women who exhibited fallopian tube jam but without any clinical indication or history of adenomyosis or endometriosis.
Immunohistochemical staining
The first resultant slide from each case with 4 μm-thick sections was stained with hematoxylin and eosin to confirm the pathologic diagnosis, and the subsequent slides were subjected to immunohistochemical (IHC) analysis. Tissue sections were dewaxed and rehydrated in ethanol and water. Antigen retrieval was performed in citrate buffer (pH 6.0, 15 min), and endogenous peroxidase activity was eliminated by incubation in 3% hydrogen peroxide. The tissue sections incubated overnight at 4
• C for rabbit primary antibody against human CK7 (ab68459, Abcam, Cambridge, UK, 1:400), e-cadherin (ab40772, Abcam, Cambridge, UK, 1:400), n-cadherin (ab18203, Abcam, Cambridge, UK, 1:400), vimentin (ab92547, Abcam, Cambridge, UK, 1:700), and S100A4 (ab27957, Abcam, Cambridge, UK, 1:200), or mouse monoclonal antibodies against human CD68 (ab955, Abcam, Cambridge, UK, 1:200). The secondary antibody kit (CWBIO, Beijing, China) was utilized to link the primary antibody. The sections were counterstained with hematoxylin, dehydrated in ethanol and xylene, and mounted in PermountTM mounting medium. The immunostaining results were evaluated using a previously reported method [23] . The images were obtained using a microscope (Olympus BX53, Olympus, Tokyo, Japan), which was fitted with a digital camera (Olympus cellSens Standard, Olympus). The average intensity of positive cells was determined by Image Pro-Plus 6.0 (Media Cybernetics, Inc., Bethesda, MD, USA), which was blinded to the group that a slide belonged to. A series of five images was randomly selected from several sections per tissue sample and taken for each immunostaining parameter to obtain the mean.
Immunofluorescent staining
After the antigen was retrieved, the sections were washed thrice in phosphate-buffered saline (PBS). The nonspecific binding was blocked with 5% goat serum (CWBIO, Beijing, China). The sections were incubated overnight at 4
• C with the primary antibodies of CD68 and vimentin, washed with PBS thrice, and incubated at room temperature with secondary antibodies AlexaFluor 488-conjugated AffiniPure goat antirabbit secondary Ab1:200 and, AlexaFluor 594-conjugated goat antimouse secondary Ab1:300 (Proteintech Group, Inc., USA) for 1 h. After the sections were washed, the cell nuclei were counterstained with fluorescent mounting medium with 4, 6-diamidino-2-phenylindole (Abcam, Cambridge, UK).
Primary endometrial cell culture
The isolation and culture of adenomyosis-derived primary eutopic endometrial cells and normal endometrial cells were conducted using a previously reported method [24] . The endometrial tissues were minced into small pieces (1 mm 3 ). After the minced tissues were subjected to enzymatic digestion with 0.25% (w/v) collagenase II mixed with 0.125% (w/v) collagenase IV (Worthington, Lakewood, USA) for 75 min at 37
• C, the tissues were initially filtered through a 100-μm (pore size) nylon mesh to remove debris, and then through a 40-μm (pore size) nylon mesh (Falcon, USA) subsequently. The epithelial cells remaining in the cell strainer were collected, resuspended in Dulbecco modified Eagle medium/F12 (Gibco, Beijing, China), and plated onto six-well plates. The culture medium was changed to RPMI-1640 medium (Gibco, Beijing, China) to prepare the coculture with macrophages. The endometrial cells were verified through immunofluorescent staining by using an antibody against CK7 (ab68459, Abcam, Cambridge, UK, 1:200), which is a specific marker for epithelial cells (Supplemental Figure S1 ).
Epithelial cells cocultured with macrophages
Ishikawa cells (human endometrial adenocarcinoma) and THP-1 cells (acute monocytic leukemia) were provided by Prof. Kong, Beihua (Qilu Hospital, Jinan, Shandong, China), and Gao, Chengjiang (Shandong University, School of Medicine, Department of Immunology, Jinan, Shandong, China). The macrophage differentiation of the THP-1 cells was conducted in accordance with a previously reported method [25] . The cells were triggered by adding 100 ng/ml phorbol 12-myristate 13-acetate (PMA, Sigma, St. Louis, MO, USA) for 2 days and washed thrice with PBS to eliminate the effect of PMA. Ishikawa cells or primary endometrial cells were cocultured with THP-1-derived macrophages by using a standard Transwell insert (0.4 μm; Corning, USA). Each well of plates was plated with approximately10,000 primary endometrial cells or Ishikawa cells. After incubation for 24 h with 10% FBS medium, the cells were washed, and the inserts with induced macrophages (7.5 × 10 5 cells)
were added to the wells. The control group had empty inserts. Finally, epithelial cells were harvested at different time points, that is, on days 1, 2, 4, and 6.
Real-time polymerase chain reaction
The cocultured cells were washed with cold PBS. Total RNA was extracted with TRIzol Reagent (Invitrogen Life Technologies) in accordance with the manual of the product owner. RNA (1 μg) was reverse transcribed into cDNA with ReverTra Ace quantitative PCR (qPCR) RT Master Mix with gDNA Remover (Code No. FSQ-301, TOYOBO, Osaka Japan). Each 20 μl of PCR mixture contained 1×SYBR Green PCR Master Mix (TOYOBO, Osaka Japan), 30 ng of cDNA, and 300 nM of each specific primer. The primers used for each gene are listed in Supplemental Table 1 . Quantitative PCR was performed on an Applied Biosystems 7500RT-PCR System (Applied Biosystems, USA). Three separate experiments were performed on different cultures, and each sample was assayed in triplicate. The mean was obtained to determine the mRNA levels by quantitative real-time polymerase chain reaction (RT-PCR) analysis, by using the ABI 7500 RT-PCR system (Applied Biosystems). Gene expression levels for each group were normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The mean relative gene expression was determined, and differences were calculated using the 2 − Ct method.
Western blot
EMT-like or mesenchymal-epithelial transition (MET)-like processrelated proteins were examined using Western blot analysis for primary endometrial cells or Ishikawa cells at four different time points after the cells were cocultured with THP-1-derived macrophages.
The MCP-1 expression of epithelial cells isolated from the normal and eutopic endometrium of adenomyosis was examined by Western blot also. For total protein extraction, the cells were scraped and extracted in a commercial kit (BestBio, Shanghai, China). All proteins that were mixed with sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer (P0015, Beyotime) were heated for 5 min at 100 
Cellular morphology and transmission electron microscopy
The cellular morphologies of the Ishikawa cells cocultured with or without macrophages were compared by an inverted microscope at four different time points. According to the research objective, the appropriate time for transmission electron microscopy was selected. The medium was removed, and cells were kept moist. Cells were fixed with 3% glutaraldehyde and with the same pH and osmotic pressure of the culture medium. The cell suspension was obtained by gently blowing cells with a soft scraper. The cell suspension was transferred to a clean centrifuge tube and centrifuged at 3000 rpm for 10 min. Cell pellet was fixed in a solution of 3% glutaraldehyde and postfixed with 1% osmium tetroxide. The regions of interest were embedded in Epon812. Ultra-thin sections, which were stained with uranyl acetate, were observed under a JEOL-1200EX transmission electron microscope and documented.
Microarray-based gene expression analysis
The appropriate time to extract RNA was selected at 2 days. The total RNA was extracted from Ishikawa cells that were cocultured with or without macrophages by using TRIzol Reagent (Invitrogen Life Technologies) in accordance with the manufacturer's instructions. Agilent Whole Genome Oligo Microarrays (one-color) was used to analyze the samples. After RNA sample preparation, total RNA clean-up, RNA quantification and quality control, the labeled and amplified RNAs were purified, hybridized, washed, and scanned. Data were extracted using Agilent Feature Extraction software. The gene chip detection was completed by the KangCheng Biotech (H1603052, Agilent Human GE 4×44k v2 1-color, Shanghai, P.R. China 200233).
Flow cytometry for apoptosis and proliferation of Ishikawa cells and phenotype of macrophages
Ishikawa cells and THP-1-derived macrophages were obtained. Flow cytometry was adopted to evaluate the proliferation and apoptosis of Ishikawa cells and macrophage phenotypes. The percentage of apoptotic cells was assessed by flow cytometry with the reagent PE Annexin V Apoptosis Detection Kit I (BD Biosciences, USA), and the proliferation of cells was detected by FITC BrdU Flow Kit (BD Biosciences, USA). All the experimental steps were conducted according to the kit instruction manual. The macrophages were stained with the following fluorochrome-labeled antibody to quantify the rate of M2-polarized macrophages between the control and cocultured groups: mouse antihuman receptor (CD163) antibody conjugated with Alexa Fluor 488 (BioLegend, USA).This antibody was detected by using Guava easyCyte 6HT-2L (Millipore, USA), and the data were analyzed using Guava Soft 3.1.1 software (Millipore, USA).
Statistical analysis
Graphical and statistical analyses were performed using GraphPad prism software (San Diego, CA, USA). Error bars showed the standard error from the mean. Comparative statistical analyses were performed using Student unpaired two-tailed t-test with 95% confidence of the antigen expression between the study (cocultured with macrophages) and control groups. The density of macrophages and the rate of EMT in IHC staining were also statistically analyzed through Student unpaired two-tailed t-test with 95% confidence. Linear regression was carried out to analyze the antigen expression of EMT against the macrophage density in the clinical samples. pvalues ≤ 0.05 were considered significant.
Results
Epithelial-mesenchymal transition occurs in endometrial epithelial cells of adenomyosis lesions and eutopic endometrium
The representative IHC results of e-cadherin, vimentin, n-cadherin, CK7, and S100A4 in normal endometrium, eutopic endometrium, and adenomyosis lesions are illustrated in Figure 1A . The expression profile of EMT markers in normal endometrium, eutopic endometrium, and adenomyosis lesions is shown in Table 1 . E-cadherin and CK7 were expressed in the majority of normal endometria. In these cases, the expression of n-cadherin, vimentin, and S100A4 was negative. By contrast, the expression of vimentin, n-cadherin, and S100A4 in the endometrial epithelial cells indicated adenomyosis eutopic endometrium. Moreover, the expression in adenomyosis lesions was higher than that in eutopic endometrium. E-cadherin and CK7 staining decreased in the adenomyosis lesions ( Figure 1A ). The proportion of e-cadherin and CK7 significantly decreased in the adenomyosis lesions in contrast to their corresponding levels in eutopic endometrium ( Figure 1A ).
An increased level of MCP-1 was found in epithelial cells derived from eutopic endometrium of adenomyosis compared to normal endometrium; EMT of endometrial epithelial cells was associated with macrophages aggregation
In Western blot analysis, an increase in MCP-1 expression in the primary epithelial cells of eutopic endometrium of adenomyosis was observed (0.47 ± 0.70 vs 0.90 ± 0.18; p = 0.04; Figure 2A ). CD68 positive macrophages aggregated around the glands of adenomyosis lesions and eutopic endometrium. However, they did not appear in the normal endometrium ( Figure 2B ). The normal endometrium, eutopic endometrium and adenomyosis lesions were subjected to immunofluorescent staining using an antihuman vimentin Ab. The macrophages were also examined through immunofluorescent staining with antihuman CD68 Ab. The result revealed that the macrophages aggregated primarily around the ectopic glands of the adenomyosis lesions in contrast to those in the normal endometrium ( Figure 2D ). Extravasated macrophages aggregated in close proximity to newly formed adenomyosis lesions, which vimentin highly expressed ( Figure 2D ). The extent of macrophages aggregation did not vary significantly between proliferative and secretory phases in either eutopic endometrium (25.00 ± 5.00 vs 33.33 ± 4.41 p = 0.30) or adenomyosis lesions (32.00 ± 6.11 vs 39.00 ± 6.65 p = 0.48; Supplemental Figure S2 ). Within adenomyosis lesions and eutopic endometria, the extent of macrophages was positively correlated with the expression of n-cadherin, vimentin, and S100A4, negatively correlated with the expression of e-cadherin and CK7 ( Figure 2C ). Age, menstrual phase, and source of tissue samples (control versus adenomyosis lesions or eutopic endometrium) were used as covariables. Multiple linear regression analysis showed that the source of tissue samples was only covariable, which was significantly associated with the scope of macrophage aggregation. By contrast, macrophage aggregation levels were not related to the severity of dysmenorrhea, menorrhagia, or uterine size.
THP-1-derived macrophage-induced primary endometrial epithelium cells of adenomyosis and Ishikawa cells suffer from epithelial-mesenchymal transition
The cocultured endometrial epithelial cells with macrophages can induce endometrial epithelium cells (EECs) of adenomyosis to exhibit EMT, which was indicated by the downregulation of epithelial markers (e-cadherin and CK7) and the upregulation of mesenchymal markers (vimentin, N-cadherin, and S100A4; Figure 3A) . Ishikawa cells exhibited a bidirectional process after cocultured with macrophages, which was marked by the downregulation of e-cadherin, the upregulation of n-cadherin, and the reverse (Figure 3B) . Analysis using an ordinary light microscope revealed a fibroblastic-like change in Ishikawa cells after cells were cocultured with macrophages for 1 day ( Figure 3C ). Further transmission microscope examination demonstrated that the intercellular connection changed ( Figure 3C ). The intercellular tight junction disappeared, and desmosomes weakened. Macrophages did not enhance the proliferation of Ishikawa cells compared with those in the control group. On the contrary, the proliferation was suppressed, and the apoptosis of Ishikawa cells that were cocultured with macrophages was more evident. After 6 and 12 h of coculturing, no evident enhancement in proliferation was observed in the cocultured system unlike the control. The proliferation was reduced at 6 and 12 h (46.67% ± 1.47% vs 38.27% ± 0.63% p = 0.006 and 45.55% ± 1.85% vs 35.43% ± 1.97% p = 0.02, respectively; Figure 3D ). For apoptosis detection, an increase in early apoptosis of Ishikawa cells was observed at 48 h (19.75% ± 0.86% vs 28.98% ± 0.79% p = 0.001) after the cells were cocultured for 24 and 48 h ( Figure 3E ).
Transforming growth factor-β1/Smad3 and interleukin-6/JAK2/STAT3 signaling pathways were upregulated in the microarray-based gene expression analysis of Ishikawa cells cocultured with THP-1-derived macrophages Genes with expression, which is commonly altered in epithelial cells in response to EMT, were identified. Ishikawa cell line responds well to EMT process [26] , and researchers commonly use this cell line as a cell model for adenomyosis [5, 27] . Thus, Ishikawa cells were selected for molecular mechanism. Among the pathways that caused the upregulation in endometrial cells analyzed by the microarray-based gene expression after the cells were cocultured with macrophages, the gene expression levels of TGF-β1/Smad3 and interleukin (IL)-6/STAT3 that are considered important EMT mediators [9, 12, 28] were evidently upregulated (Table 2) . Additionally, the gene ontology analysis covered three domains (biological process, cellular component and molecular function) and showed that laminin complex, laminin binding, and interstitial matrix were upregulated, while metalloenzyme and metalloendopeptidase inhibitor activities were downregulated (Figure 4 ).
THP-1-derived macrophages cocultured with endometrial cells, polarize to M2 type
The interaction of macrophages and endometrial cells induced the endometrial cells to undergo mesenchymal transition-like processes. The endometrial cells can induce macrophages to polarize. The flow cytometry results of CD163, which is expressed in macrophages cocultured with Ishikawa cells, indicated that the macrophages tended to polarize to M2 type (13.41% ± 0.97% vs 17.87% ± 0.4168% p = 0.01; Figure 5A ). The PCR results also confirmed that coculturing with the primary EECs of adenomyosis or Ishikawa cells can cause macrophages to polarize to M2 type. The gene expression levels of CD163, IL-10, and MMP12 in the group of primary EECs of adenomyosis were significantly higher than those of the control group. In Ishikawa cells group, the gene expression levels of CD163 and MMP12 were significantly higher than those of the control group, while the gene expression level of IL-10 was not upregulated. By comparison, expression levels of MMP9 in both groups were downregulated ( Figure 5B ). M2-type macrophages likely induced the endometrial cells of adenomyosis lesions to EMT.
Discussion
The aggregation of macrophages in adenomyosis lesions was related to the EMT of epithelial cells. The epithelial cells of the primary eutopic endometrium of adenomyosis and Ishikawa cells were successfully induced to undergo EMT by coculturing them with macrophages. In the cocultured system, the macrophages derived from THP-1 were polarized to M2.
Adenomyosis is a non-neoplastic condition, which is characterized by the benign invasion of ectopic endometrium into the myometrium and accompanied with adjacent smooth muscle hyperplasia and hypertrophy. The uterus enlarges gradually, and the lesion does not exhibit obvious boundaries. The characteristics of adenomyosis are parallel to cancers, including invasion, except the pathology. The etiology and pathogenesis of adenomyosis vary. Since the first allusion of adenomyosis, which was described as "cystosarcoma adenoidesuterinum" by Rokitansky (1860), adenomyosis has been studied for more than 150 years [29] . The triggering mechanism of the movement of endometrium to the myometrium in adenomyosis remains to be determined. Chen first reported EMT in the adenomyosis 6 years ago [5] , which highlighted the pathogenesis of adenomyosis. Many researchers analyzed EMT in adenomyosis, which plays a prominent role in tumorigenesis. The experiment detected this phenomenon [6, 12, 30] by IHC staining. However, only some of the epithelial cells of adenomyosis lesions and eutopic endometrium exhibited EMT, and their rates were 82% and 52%, respectively. The phenomenon of EMT in adenomyosis lesions was more evident than the eutopic endometrium of adenomyosis based on the analysis result ( Figure 1B) . Portions of epithelial cells of the endometrium, which suffered from EMT, disappeared, which is likely caused by the periodic shedding of the endometrium. Therefore, the EMT of eutopic endometrium may be the origin of adenomyosis lesions. S100A4 was demonstrated to be a reliable marker for the characterization of the mesenchymal products generated by EMT, which occurs during the development of fibrosis in various organs [8, 31] . This characteristic may explain why S100A4 only increases in adenomyosis lesions but do not evidently change in eutopic endometrium.
Although the research of EMT in adenomyosis developed rapidly, the specific molecular mechanism has not yet been determined. EMT processes were documented in many in vitro cell line models [25, 32] . However, the significance of EMT during disease progression remains unclear mainly because of the lack of reliable evidence of EMT in clinical samples. EMT may be a focal event that is easily overlooked. Theories and methods of studying EMT develop gradually and provide an important reference for the current research. Different types of EMT exhibit similar molecular mechanisms. EMT is closely related to immune cells and local microenvironment both in fibrosis and tumor progression [33, 34] . Macrophages have a crucial function and are important components of the immune system. Many studies demonstrated that macrophages were related to EMT in various benign and malignant diseases. Researchers observed that The extent of macrophages positively correlated with the expression of N-cadherin, vimentin, and S100A4, negatively correlated with the expression of E-cadherin, CK7; (D) the density of macrophages was calculated by counting the number of CD68-positive cells in every high power field around glands. Immunofluorescent staining (nonlinear adjustment) of CD68 in normal endometrium, eutopic endometrium, and adenomyosis lesions; CD68 and vimentin, stained in red and green, respectively, were used as the marker for macrophages and endometrial cells suffered from EMT, while DAPI, stained in dark blue, was used as a marker for cell nuclei. Original magnification: ×200.
* p < 0.05; * * p < 0.01; * * * p < 0.001. Data were analyzed through linear regression to examine the antigen expression of EMT against the macrophage density in clinical samples. The results are expressed as mean ± SEM of duplicate measurements of each sample. macrophages aggregated in adenomyosis lesions [16, 18, 19] . Our study demonstrated that MCP-1 was expressed in the epithelial cells of adenomyosis endometrium to a higher extent than that in the controls, and this finding is consistent with the recent research [20] . A recent histological study observed a significant amount of macrophages in adenomyosis lesions and eutopic endometrium and presumed that this condition was associated with the inflammation of adenomyosis; however, the authors did not cite the significant roles of macrophage density in the pathogenesis of adenomyosis [35] . The experiment indicated that macrophages were gathered in adenomyosis lesions and located closely around the ectopic glands with epithelial cells that suffered from EMT. Macrophages may trigger the EMT in adenomyosis lesions. In the correlation analysis of macrophages and proteins related to EMT by IHC, the expression of e-cadherin and CK7 was negatively related to macrophage densities, whereas the expression of vimentin, n-cadherin, and S100A4 was positively associated with macrophage densities. This finding was consistent with a previous research [36] . Although the EMT rate in eutopic endometrium was significantly increased, we doubt if epithelial cells further undergo EMT after mass macrophages exposure. The cocultured system of macrophages and epithelial cells of the endometrium further verified the relationship between the EMT of epithelial cells and macrophages. THP-1-derived macrophages can induce primary epithelial cells to EMT ( Figure 3A) , and this finding provided a new direction for the research on the pathogenesis of adenomyosis. Ishikawa cells were selected in the experiment as a succedaneum of primary epithelial cells to examine the mechanism involved [5, 26, 27, 37] . Consistent with primary cell research, our study revealed that Ishikawa cells can undergo EMT by coculturing them with THP-1-derived macrophages. Observations using an ordinary optical microscope and a transmission electron microscope indicated that the junction of Ishikawa cells loosened, the intercellular tight junctions disappeared, and desmosomes weakened. Desmosomes emerge as critical structural organelles, which play central roles in the morphogenesis of tissues [38] . Several lines of investigation suggested that desmosome formation is dependent on the upstream assembly of adherens junctions; desmosomes comprise proteins from at least three distinct gene families, namely desmosomal cadherins (Dsc1-3 and Dsg1-3), armadillo proteins, and plakins [39] . Cadherins are crucial ingredients, and the loss of e-cadherin limits desmosome formation [40] . Ishikawa cells that exhibited EMT consequently lost some adhesion junctions, such as desmosome. The current study demonstrated that Ishikawa cells exhibited moderate changes in the gene expression profile when the cells were subjected to EMT in a cocultured system with macrophages. Although the result of the Western blot analysis suggested a wellpronounced adaptation of Ishikawa cells to EMT, the overall moderate changes in the gene expression may still be sufficient to verify the behavior of EMT. A plethora of signaling pathways and agents induce EMT in numerous cellular contexts, both during embryonic development and in human pathologies [9] . Transforming growth factor-β1 induces EMT in wound healing, fibrosis, and cancer and cooperates with SMAD3 to cause the TGF-β1-mediated repression of e-cadherin expression [41] . Transforming growth factor-β induces SNAIL1 (also known as SNAIL) expression, which activates the EMT program, through SMAD3-dependent transcription [42] . SNAIL2 (also known as SLUG) expression, which is associated with EMT, is induced indirectly by the SMAD3 [43] . Additionally, the release of inflammatory cytokines, besides TGF-β1, by immune cells, also contributes to EMT. For example, IL-6 promotes EMT of breast cancer cells in vitro, which correlates with a decrease in e-cadherin levels, an increase in n-cadherin, vimentin, and cell invasion levels [44] . The expression of IL-6 and the transcription factor signal transducer and activator of transcription 3 (STAT3) activates SNAIL1 expression [45] . Thus, the upregulation of the TGF-β1/Smad3 signaling pathway and IL-6/JAK2/STAT3 signaling pathway provided a direction for research on the mechanism of EMT in adenomyosis.
Further studies are necessary to verify the specific roles of these signaling pathways in EMT.
TGF-β1/Smad3 signal pathway can induce apoptosis and inhibit the proliferation of tumor cells [46] . Thus, the proliferation and apoptosis detections by flow cytometry of Ishikawa cells in the cocultured system were reliable. We assumed that apoptosis and inhibition of proliferation induced by macrophages in EMT of epithelial cells may not be involved in the formation and progression of adenomyosis, but its invasion and migration are induced by macrophages. The EMT process of cells is usually studied in various aspects, such as cellular components, molecular functions, and the biological processes. The microarray-based gene expression analysis indicated that laminin complex, laminin binding, and interstitial matrix were upregulated, which were described as the extracellular matrix that involved cell remodeling and invasion [47] . However, metalloenzyme and metalloendopeptidase inhibitor activities decreased (Figure 4 ). In the transmission microscope examination analysis, the number of desmosomes was reduced compared with the control group. Moreover, biological process gene analysis revealed that hemidesmosome assembly was upregulated. Desmosomes, which connect cells, are mostly changed into hemidesmosomes that mainly connect cells with tissues and loosen the cell junction. Thus, we hypothesized that the invasion and migration of epithelial cells undergoing EMT are the main causes of formation and progression of adenomyosis.
In a cocultured system, cells mimic the microenvironment of the body and interact with one another. Niino et al. found that the activation of macrophages to exhibit the M2 phenotype is correlated with the poor prognosis of cancers [48] . M2-polarized tumor-associated macrophages also promoted EMT in pancreatic cancer cells and thus caused the poor prognosis of pancreatic cancer. Where did these macrophages come from? What induced them to polarize? Comito demonstrated that the relationship between M2 macrophages and cancer-associated fibroblasts is mutual because M2 macrophages affect the EMT of fibroblasts; thus, their reactivity is enhanced [49] . Prostate carcinoma cells participate in this interaction through the secretion of MCP-1 and hence facilitate monocyte recruitment, macrophage differentiation, and M2 polarization [49] . Although the role of macrophages in adenomyosis has been extensively investigated, EMT mediated by macrophages in adenomyosis is yet to be described. Our experimental results demonstrated that EEC in the cocultured system suffered from EMT and induced macrophages to polarize toward M2. Compared with the corresponding level in the primary EECs of adenomyosis group, the genetic level of IL-10 did not increase significantly in Ishikawa cells group. We attributed it to the different secreting function of epithelial cells between the groups.
Although the results of this pilot study were promising, several limitations were determined. First, all of the experiments were in vitro. Therefore, further validation, such as animal experimentation, should be performed. Second, the results of gene chip analysis were very extensive, but these results were limited by Ishikawa cell line. As such, genetic changes in primary cells should be verified. Further research should also be conducted to determine how macrophages induce endometrial epithelial cells to undergo EMT.
Supplementary data
Supplementary data are available at BIOLRE online. Figure S1 . Isolated and cultured primary endometrial cells were verified by immunofluorescent staining (nonlinear adjustment). CK7, stained in green, was used as the marker for endometrial epithelial cells. DAPI, stained in dark blue, was used as a marker for cell nuclei. Supplementary Figure S2. (A) Extent of macrophage aggregation in proliferative and secretory phases in either eutopic endometrium or adenomyosis lesions (original magnification: ×200) and (B) statistical analysis.
Supplementary
* p < 0.05; * * p < 0.01; * * * p < 0.001; NS: p > 0.05. The results are expressed as mean ± SEM of duplicate measurements of each sample. Supplemental Table S1 . Primer sequences of each gene detected in RT-PCR.
